Abstract: Mexico City is one of the most water-stressed cities in the world; poor quality water occurs in several parts of the City. The use of rainwater harvesting (RWH) as a source of drinking water is gaining acceptance in several contexts, but the quality of the water obtained through these systems has not been sufficiently studied. This manuscript presents the results of water quality tests from samples taken in each component of an RWH system, installed by Isla Urbana at the National Autonomous University of Mexico (UNAM), southern Mexico City. The RWH system culminates with a drinking fountain which supplies water for the students, and other members of the university community. Samples were retrieved from August 2014 to November 2015, approximately once per month. Results showed that with an adequate operation of the RWH system the major ions, fluoride, zinc, arsenic, lead, iron, copper, chromium, aluminum, nitrate, and total coliforms comply with national standards and international guidelines for drinking water. Thus, RWH constitutes a viable option for providing good quality water in a megacity that will become increasingly water-stressed due to climate change.
Introduction
As water scarcity has become an increasingly pressing issue worldwide, developing viable sustainable sources is now of the utmost importance. Rainwater harvesting (RWH) is a promising potential sustainable source for urban settings. In order to make the most efficient use of RWH, questions of economic viability, the quantity of water that can be harvested in a specific location, potential methods of implementation, and water quality need to be explored [1] . In this paper, we describe an RWH project in Mexico City-a city that, according to the Nature Conservancy's 2015 list, is among the most water-stressed in the world [2] . Mexico City's roughly 22 million inhabitants depend for their water on two main sources: primarily, an intensely overexploited aquifer, and, secondarily, on a highly energy-intensive system that pumps water 1100 m uphill over a 162 km distance [3] . Compounding the problem, extreme and uneven land subsidence, due to intensive extraction of groundwater, continually damages the grid, leading to an estimated 25% loss due to leaks, and an additional 14% that goes unmetered and is largely unaccounted for [4] . In addition, decades of urbanization of natural recharge areas has led to a rapidly deteriorating situation in which providing continuous access to water of acceptable quality is increasingly problematic. This does not even account for the effects of climate change, which is expected to intensify Mexico City's hydrological cycle and decrease the availability of fresh water, while creating water scarcity in zones that deliver water to the city [5] . The rising population will only exacerbate these problems.
In addition, while some parts of the city receive abundant water of good quality, approximately 310,000 households lack access to running water within the home [6] . Poor water quality is an issue in several parts of the city, many of them located in low-income zones. As stated by Muller [7] , it is incumbent upon us to take action to help poor urban communities become more resilient to the potential impacts of climate change. This action should take into account, and be founded upon, the close relationship between the hydrological cycle, urban ecosystems and society. Water management in a large urban area such as Mexico City is a complex issue that involves considering the existence of interactions between social, institutional, biophysical and urban factors [8] . Within this context, RWH as a source of domestic water constitutes one option to cope with water stress. Although multiple pilot programs are currently under way in Mexico City, the water quality, which can be obtained by RWH systems has not been sufficiently studied. Mexico City suffers problems with air pollution [9] , a fact that leads many people to conclude that harvested rainwater must be of poor quality. Until now, however, studies in Mexico City have focused on the quality of direct rainfall, which can be very different from the quality of harvested rainwater. To date, and to the best of our knowledge, no detailed studies have been carried out looking specifically at the quality of water harvested with RWH systems. This paper presents the results of near-monthly water quality tests taken between August 2014 and November 2015 from one RWH system at the National Autonomous University of Mexico (UNAM) main campus in southern Mexico City. The tests included a wide range of pollutants at different points along a professionally designed and well-maintained system.
Materials and Methods

Description of the RWH System
The RWH system used in this study is located at UNAM's University City campus in southern Mexico City. It was designed and installed by Isla Urbana, a project dedicated to promote water sustainability and RWH in Mexico. The system (Figure 1) The system was designed with a treatment to guarantee water of drinkable quality. Additionally, to allow for a reduction in atmospheric pollution and rooftop deposits, no rainwater was harvested during the first two weeks of the rainy season (counted as starting when three or more rain events per week occurred for two consecutive weeks).
Sampling and Analysis
We compared the quality before and after the different stages of filtration ( Figure 1 ). The water samples were taken in the cistern (point D), in the outflow of the mesh filter (point i within the filter train), after the filter train (point iv), from a faucet before the drinking fountain in the building (point J), and at the drinking fountain (point K).
Water samples were collected from August 2014 to November 2015, following methods established by the American Public Health Association (APHA) [10] . Samples from the cistern were taken with glass beakers previously acid washed and rinsed with deionized water, and at other The system was designed with a treatment to guarantee water of drinkable quality. Additionally, to allow for a reduction in atmospheric pollution and rooftop deposits, no rainwater was harvested during the first two weeks of the rainy season (counted as starting when three or more rain events per week occurred for two consecutive weeks).
Water samples were collected from August 2014 to November 2015, following methods established by the American Public Health Association (APHA) [10] . Samples from the cistern were taken with glass beakers previously acid washed and rinsed with deionized water, and at other points using polyethylene bottles washed with the same cleaning procedure. The samples were transported to the laboratory, arriving within 30 min of collection.
Temperature, conductivity and pH were measured in situ. Major ions were analyzed following standard methods [10] at the Geophysics Institute. Fluoride and chloride concentrations were determined with ion selective electrodes. Total dissolved solids were measured by gravimetrical analysis. SiO 2 and Cr(VI) were analyzed colorimetrically (UV-visible Thermo Evolution 300). Copper, Cr total, Zn, and Fe were measured by flame atomic absorption spectrophotometry (Perkin Elmer AAnalyst 200), As by hydride generation, and Pb by graphite furnace. Nitrate was measured by UV spectrophotometry and checked with ion chromatography (Waters brand). Aluminum was determined by ICP-MS with a Thermo Scientific iCAP. Calibration curves were prepared with High Purity Standards solutions. Detection levels were:
Microbiological tests were conducted by the University's General Direction of Healthcare following Mexican Official Methods by applying the 10-tube MPN method [10] . Free chlorine residual was estimated with a chlorine testing kit (chloroscope).
Results and Discussion
The main ions maintained concentrations below limits established by Mexican and International Drinking Water Standards and guidelines [11] [12] [13] all along the RWH system sampled points (Table 1) . Magnesium and bicarbonate were the main ions, reaching maximum values of 4.90 mg/L and 68.20 mg/L respectively. Maximum concentrations of ions measured in the cistern (Table 2 ) decreased as HCO 3 − , NO 3 − , Na + , SO 4 2− , Mg 2+ , K + , and F − (this does not apply to Ca 2+ and Cl − since they were added in the cistern for disinfection). The average pH in the RWH was 6.35 (Table 1) , with a minimum of 4.11 on September 2014 in the cistern and a maximum of 8.26 on August 2014 in the faucet. Conductivity presented also the maximum value on the same date, probably due to the initial wash off of the RWH system, and maintained values between 44 µS/cm and 101 µS/cm for the rest of the sampling period. Concentrations of heavy metals, and nitrate at each sampling date and each sampling point are shown in Figures 2-5. Total and hexavalent chromium were below detection levels in all samples. Copper had concentrations above detection levels in only seven samples from two sampling dates, reaching a maximum of 0.16 mg/L in August 2015 in the sample collected from the particle filter.
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The main ions maintained concentrations below limits established by Mexican and International Drinking Water Standards and guidelines [11] [12] [13] all along the RWH system sampled points (Table 1) . Magnesium and bicarbonate were the main ions, reaching maximum values of 4.90 mg/L and 68.20 mg/L respectively. Maximum concentrations of ions measured in the cistern (Table  2) decreased as HCO3 − , NO3 − , Na + , SO4 2− , Mg 2+ , K + , and F − (this does not apply to Ca 2+ and Cl − since they were added in the cistern for disinfection). The average pH in the RWH was 6.35 (Table 1) , with a minimum of 4.11 on September 2014 in the cistern and a maximum of 8.26 on August 2014 in the faucet. Conductivity presented also the maximum value on the same date, probably due to the initial wash off of the RWH system, and maintained values between 44 μS/cm and 101 μS/cm for the rest of the sampling period.
Concentrations of heavy metals, and nitrate at each sampling date and each sampling point are shown in Figures 2-5 . Total and hexavalent chromium were below detection levels in all samples. Copper had concentrations above detection levels in only seven samples from two sampling dates, reaching a maximum of 0.16 mg/L in August 2015 in the sample collected from the particle filter. Fluoride is one of the analyzed chemical species, being present in concentrations above Mexican Drinking Water Standards (MDWS) [11] and WHO guidelines [13] in groundwater in many areas of the country. About 4 million people have been estimated to live in areas naturally enriched in fluoride [16, 17] . Health effects have been reported in various states, including dental and skeletal fluorosis, and cognitive effects [18] [19] [20] . In contrast, in the RWH system, fluoride maintained concentrations below the MDWS [11] of 1.5 mg/L during the whole sampling period (Table 1) . Collected rainwater in the cistern contained low fluoride levels (below 0.1 mg/L) during all sampling dates (Table 2) , which were maintained with slight changes along the RWH system except in August 2014, when 0.21 mg/L in the drinking fountain were measured (Table 3) , probably due to an initial wash off from the RWH materials, since the system was put in operation at the end of July and the first harvested water was collected in August.
Arsenic is also one of the toxic elements widely distributed in Mexican aquifers, mostly because of water-rock interaction processes [17, 21] . Arsenicosis related to consumption of polluted water has been detected in several areas [22] [23] [24] [25] . In contrast, arsenic maintained very low levels in the RWH system during the studied period (Table 1) Concentrations were similar to those reported by García et al. [14] in Mexico City rainwater (from 0.47 mg/L to 5.58 mg/L of nitrate). The cistern and the particle filter outflow contained the highest concentrations in all sampling dates; the filter train decreased nitrates to the detection level from September to November. A slight increase in nitrate concentration in the faucet and the drinking fountain in August 2014 may also have been due to the system wash off. Nitrate levels above the drinking water standard have been reported in surficial and groundwater sources in Mexico. Several sources were identified, such as fertilizers, wastewater, and manure [26] [27] [28] . Nitrate is also present in Mexico City groundwater [29, 30] . The lack of sewerage systems in the recharge areas and leaks in the drainage pipes are possible causes of nitrate contamination south of Mexico City [31] . Concentrations up to 2.8 µg/m 3 and 3.6 µg/m 3 were reported in particulate matter (PM) 10 and PM 2.5 particles (water soluble fraction) collected in Mexico City related to traffic emissions [32] . Daily changes in nitrate atmospheric behavior related to its presence as NH 4 NO 3 , evaporation, and reaction of HNO 3 with dust were accounted for by Molina et al. [33] and references therein. They also indicate that nitrates constitute a high portion of the NOx in the atmosphere of Mexico City. The highest nitrate concentrations in the RWH system were reached in June 2015 in the cistern and the particulate filter outflow. Similar concentrations measured in the cistern and the particulate filter show that it cannot remove nitrates. However, concentrations below the detection level measured at most dates in the samples obtained after the complete filter train, in the faucet and drinking fountain, showed the overall removal efficiency of the system. Dust and metals have been found in PM samples collected in Mexico City, mainly associated with the industry and mobile sources [33] . Heavy metals (Fe, Zn, Mn, Pb, Hg, Sn, Cr, Ni, Ti, V, and Ag) are mainly attached to several nm particles [32] that may be carried by the rain and contribute to their presence in the harvested rainwater. However, concentrations of total Cr, Cr(VI), and Fe were below detection levels in the whole sampling period at all the sampling ports of the RWH system.
While Pb concentrations complied with the MDWS [11] , it reached a concentration of 0.01 mg/L in the particle filter and filtration train in August and September 2014 (Figure 3 ). These maxima, as mentioned previously, may have been due to the system's wash off. Nonetheless, all concentrations measured in the cistern were lower than the average of 0.00541 mg/L reported by García et al. [14] ( Table 2) .
The highest aluminum concentrations were measured in the drinking fountain in September and November 2014 (Figure 4) , reaching the allowable limit established in MDWS (0.2 mg/L). This peak was due to an aluminum Venturi nozzle in the ozone injector, which was promptly replaced by a plastic equivalent. Since then, it maintained low values ranging from concentrations below detection level up to 0.065 mg/L in the cistern in September 2015 (Figure 4) . Aluminum presence in the cistern may be due to the input from atmospheric dust. Aluminum in rainwater was related mainly to natural (geological) sources by García et al. [14] . Besides, the roof materials and the physicochemical characteristics of the rain may add metallic contaminants to the harvested rainwater [34] .
Although zinc maintained concentrations below MDWS, an increase was observed, mainly from the outflow of the particle filter train and the next sampling ports, from April to September 2015 ( Figure 5 ). This increase may have been due to dissolution from the KDF filter, galvanized gutters and pipes that increases at more acidic pH values (an inverse correlation R 2 = 0.692 was determined for Zn vs. pH at the drinking fountain). Actually, pipes are reported as a source of zinc in drinking water by the WHO [13] . Zinc presence in the cistern may be produced from interaction of rainwater with the atmosphere, since this metal had the highest concentrations of the heavy metals measured in Mexico City (482 ng/m 3 ) in the MILAGRO campaign [33] . However, WHO [13] has not established a guideline for this element in drinking water, stating that above 4 mg/L produces an astringent taste to the water.
Although sulfate is not as toxic as As or heavy metals, its maximum concentration is also established in MDWS as 400 mg/L. The WHO [35] recommends informing health authorities if drinking water contains in excess of 500 mg/L due to gastro-intestinal effects at high sulfate levels (laxative effects at 1000 mg/L). Sulfate in Mexico City´s atmosphere may be related to SO 2 from industrial sources, although this source decreased with the replacement of fuel oil by natural gas in thermoelectric power plants [36] . Furthermore, emissions from the Popocatépetl volcano have also been identified as a SO 2 source in Mexico City´s atmosphere [33] and may also contribute to sulfate in rainwater at some dates.
Microbiological analysis of the drinking water quality showed that in all but two cases, total coliforms at the drinking fountain were absent. In November 2014, results were 0.51/100 mL, and in January 2015, result was 0.051/100 mL. This was due to the building's cleaning staff using a non-disposable towel to clean the drinking fountain. They were subsequently instructed to use disposable chlorine wipes, after which results returned to non-detectable levels. Free chlorine maintained values between 0.3 and 1.5 mg/L.
Concentrations of ions measured by García et al. [14] in rainwater collected at a site close to the RWH system in Mexico City from 2003 to 2004 are similar to those measured in the cistern (Table 2 ). Higher concentrations of calcium and chloride result from dissolution of calcium hypochlorite tablets added in the cistern for disinfection. Sulfate was the most abundant ion, followed by Ca 2+ , NH 4 + , H + , NO 3 − , Cl − , Na + , Mg 2+ , K + , and F − in rainwater collected in the megacity of Shenzhen in China [15] .
Although sulfate was also the most abundant ion in Mexico City rainwater, other ions reported by García et al. [14] followed a different trend. 
Conclusions
This study determined the viability of using rainwater as a source of drinking-quality water in Mexico City, using a system with various stages to capture, store, and treat rainwater.
Despite the presence of air pollution in Mexico City, and the skepticism this naturally causes about the suitability of rainwater for direct human use, this study demonstrates that an appropriately designed rainwater harvesting system can provide water of very high quality, which complies with Mexican and international water quality standards. Interestingly, the water in the tank that had not yet passed through filtration, and had only gone through a leaf screen, first flush system, and chlorination, also complied with drinking water standards for all tested parameters. The measured low levels of fluoride and arsenic are particularly relevant, demonstrating that RWH may be an option to avoid the exposure of the population to these harmful contaminants, which are present in various aquifers used for drinking water supply in Mexico.
Further research is needed to understand the degree to which these results, obtained from a single, carefully monitored and maintained system, apply in less controlled environments such as individual households.
Variations in roof type, system design, and geographic area could result in different water qualities. We recommend future research about water quality in RWH systems located in distinct geographic areas with contrasting air quality, rainfall patterns, climate, and including other parameters and contaminants such as turbidity, Hg, Cd and COV's, and more extensively microbial testing. The results clearly suggest that, properly done, rainwater is a viable source of high-quality drinking water within the context of a megacity such as Mexico City.
RWH systems also contribute to increasing urban resilience to climate change in Mexico City. Funding: This research received no external funding.
